Considerations for Genomewide Association Studies in Parkinson Disease
To the Editor: Although the magnitude of a genetic component of Parkinson disease (PD [MIM 168600]) remains to be determined, the disease has already shown remarkable genetic heterogeneity, with at least five monogenic forms identified, the most common of which is LRRK2 (MIM 609007). 1 In this issue of The American Journal of Human Genetics, four investigative teams [2] [3] [4] [5] report that they have sought to replicate the findings from a genomewide association (GWA) study of PD affection by Maraganore et al. 6 Taken together, these four studies appear to provide substantial evidence that none of the SNPs originally featured as potential PD loci are convincingly replicated and that all may be false positives. Furthermore, that the LRRK2 gene was not identified may be considered a false-negative result. This conclusion is both disappointing and discouraging. The original study invested heavily in this venture, with 443 sibling pairs ( ) discordant for PD typed in tier 1 n p 886 for 198,345 SNPs (172,420,019 genotype calls) and a tier 2 follow-up typing the strongest 1,892 SNPs in 332 matched case-control unrelated pairs (1,176,772 genotypes) . Because this report is among the first GWA studies and because the effort appears to have failed to produce the desired objective, it is worth examining the implications for GWA studies in general and, specifically, the significance of this study for PD.
First, let's examine the original report. Tier 1 of the original study is founded upon sibling pairs discordant for PD recruited from the Mayo Clinic in Rochester, MN. The sample is composed of individuals substantially of northern and central European descent. Discordant sibling pairs were selected to limit false-positive results due to population stratification bias. 7 Population differences between case and control samples are recognized as the primary source of false-positive associations, and, clearly, every effort to minimize these effects is to be encouraged. However, in PD there is substantial evidence for reduced penetrance, 8 and the disease etiology is most likely a complex interaction of genetic and environmental factors. 9 Thus, the selection of randomly ascertained PD cases (often termed "sporadic") may include a substantial proportion of cases with little or no genetic basis for disease, and, even among familial cases, many unaffected siblings may carry PD risk alleles but remain unaffected for lack of critical environmental exposure, for essential modifying genes, or for follow-up to an advanced age. Case identification in tier 1 should focus on the selection of those most likely to carry the inherited form of the disease, whereas controls should be likely non-gene carriers drawn from the same population. Concerns for population stratification might best be addressed in tier 2 by the genotyping of families of tier 1 cases and by family-based association studies. SNPs showing association in these first phases can be typed in a second unrelated case-control sample as a tier 3, with case enrichment for familial disease when possible.
Fundamentally, scientific discovery relies first and foremost upon the independent replication of results. Investigators seeking to replicate the findings of association studies need to consider whether their sample provides an appropriate forum for the investigation. Because the overwhelming majority of SNPs in GWA studies will not be functionally related to the disease, one cannot reasonably expect that linkage-disequilibrium patterns will generalize across diverse ethnic groups. Thus, one may expect that there may not be replication for samples recruited from a restricted geographic region (e.g., Taiwan
2 ). Whereas most of these replication samples are composed of Europeans (e.g., from Finland, 2 Norway and Ireland, 3 and the United Kingdom 4 ), a few reveal minor-allele frequencies that vary from the original sample and that may deserve further study. Enrichment for familial PD would also be important, since none of these replication studies is described as familial PD.
Genomewide linkage studies have generally not been successful in finding genes responsible for common complex diseases, and whether GWA studies will prove to be more successful remains to be determined. There is at least one important positive precedent of the Maraganore et al. 6 study. Notably, all of their single-SNP association results (minor-allele frequencies and P values) are available in two online text files (available from http://www.journals.uchicago.edu/AJHG/journal/issues/
Conflicting Results Regarding the Semaphorin Gene (SEMA5A) and the Risk for Parkinson Disease
To the Editor: The strongest variant (rs7702187) associated with Parkinson disease (PD [MIM 168600]) reported in the whole-genome association study by Maraganore et al. 1 was evaluated in two independent case-control series of patients from Finland and Taiwan, as were four other variants located within SEMA5A (MIM 609297). The Finnish series comprised 146 patients with sporadic PD (mean age 67.2 years, range 38-88 years; 41% women) and 135 neurologically normal, healthy control subjects (mean age 65.8 years, range 37-80 years; 64% women). All individuals were recruited from the neurological outpatient clinics of the Helsinki University Central Hospital and Seinä joki Central Hospital. The Taiwanese series consisted of 303 patients with sporadic PD (mean age 61.9 years, range 24-91 years; 46.2% women) and 171 control individuals (mean age 60.1 years, range 31-86 years; 43.9% women). Patients were selected from the neurological clinic of Chang-Gung Memorial Hospital. Individuals with evidence of secondary parkinsonism or with atypical features such as early dementia, ophthalmoplegia, early autonomic failure, and pyramidal signs were not included in this study. All patients included in the study fulfilled PD diagnosis criteria. 2 All participants signed an informed consent form.
Taqman Assays-by-Design SNP Genotyping Assays (Applied Biosystems) were employed for allelic discrimination of all SNPs. Differences in allele and genotype distributions were analyzed using the x 2 test, and twotailed P values are presented. Haplotype frequency comparisons between cases and controls were performed with PHASE version 2.1 software. 3 One thousand permutations were performed for each comparison. The COCAPHASE module of the UNPHASED statistical package was used for linkage-disequilibrium (LD) analyses. 4 Power calculations were performed with PS version 2.1.30. 5 Allele and genotype frequency information for each of the markers is shown in table 1. None of the markers showed any significant association with disease in the Finnish series. However, we were able to replicate the The present results point to differential risk effects of SEMA5A marker alleles across populations. In the Taiwanese population, we have found an associated risk in the same locus as the one reported elsewhere 1 but in an opposite direction. That is, the at-risk allele that we report was found to be protective in the sample from Minnesota described by Maraganore et al. 1 This could be due to the effect of LD between this polymorphism and another "true" risk variant within the gene. The lack of association shown in the Finnish population could be related to genetic heterogeneity, or, alternatively, the Finnish series might not be large enough to assess genes with modest effects (this sample has a 60% power to detect risks of 1.7, at ). a p 0.05 The replication of an association with SEMA5A in a Taiwanese population makes it a good candidate for further analyses in different populations. 2 Common polymorphisms of familial genes may also influence susceptibility to idiopathic PD. 3, 4 Of the 198,345 SNPs successfully genotyped in the recent genomewide association (GWA) study, 26 had notably different allele frequencies between patients and controls in both tiers ( ) . 5 Fifteen of these SNPs had opposite directions P ! .01 of effect (disease risk or protection) in tiers 1 and 2. The remaining 11 SNPs were proposed as markers for new genes/chromosomal loci that influence susceptibility to PD. In addition, two SNPs in tier 2 (rs682705 and rs7520966) were highlighted in the PARK10 locus (MIM 606852), which nominated the gene LOC200008 in disease susceptibility.
The PARK10 locus on chromosome 1p32 was originally identified in a genomewide linkage analysis of 117 patients from 51 Icelandic families (maximum Z p lr at D1S231, with a LOD-1, 7.6-cM support interval 4.8 from D1S2874 to D1S475). 6 Iceland has a well-characterized genealogy that is powerful for family-based linkage studies. The ancestral founders of Iceland have Scandinavian patrilineal inheritance with a minor Celtic matrilineal component. 7 Assuming that the PARK10 mutation predates the Icelandic settlement, we reasoned that the 1p32 susceptibility gene might be more readily found in patients with PD originating from Scandinavian or Celtic populations. In parallel to the study of Maraganore et al., 5 we have been mapping the PARK10 locus. Genotypes from 28 SNPs (including rs682705 and rs7520966) within a 132-kb region of chromosome 1p32 located around the LOC200008 gene have been analyzed in two well-characterized case-control series from Norway and Ireland. In addition, we attempted to replicate findings for the two PARK10 SNPs in a U.S. series collected at the Mayo Clinic in Jacksonville, FL. We then employed all three case-control series to investigate the genotype/allele frequencies of the main 11 SNPs nominated to influence PD susceptibility. 5 Power was comparable to the original study (180% at a p for odds ratios [ORs] 12.0 and for disease-allele 0.05 frequencies 10.035), and genotyping call rates were 195% for all markers (table 1) .
In total, Norwegian samples included 676 subjects (cases and controls) with a mean age (‫ע‬SD) of 70 ‫ע‬ 11 years, Irish samples included 372 subjects with a mean age (‫ע‬SD) of 61 ‫ע‬ 13 years, and the U.S. samples included 522 subjects with a mean age (‫ע‬SD) of 71 ‫ע‬ 10 years. All patients were examined and were observed longitudinally by a movement-disorders neurologist (J.O.A., J.M.G., D.G., T.L., Z.K.W., and R.J.U.), and they were given a diagnosis of PD in accordance with published criteria. 8 Each patient was individually matched, on the basis of age ‫4ע(‬ years) and ethnicity, to an unrelated control without evidence of neurological disease. The ethical review boards at each institution involved approved the study, and all participants provided informed consent.
SNP genotyping was performed using TaqMan chemistry on an ABI7900 genetic analyzer; in cases where genotype data was available for only one subject of a matched pair, the other subject was retained in the analysis. For the controls in each population, x 2 tests of Hardy-Weinberg equilibrium (HWE) were implemented using Haploview. 9 Optimal SNP coverage for association analysis of the LOC200008 gene was determined empirically by the construction of linkage-disequilibrium (LD) maps in Norwegian and Irish samples, onto which haplotype blocks were assigned ( fig. 1) . 10, 11 ORs for disease association, with corresponding 95% CIs, were subsequently calculated using logistic-regression models adjusted for age and sex. Overall ORs combining data from all three sites were additionally adjusted for site. Previous studies have nominated the PARK10 locus as an age-at-onset modifier in PD 12 ; thus, we also assessed the influence of 1p32 SNPs variability on this disease trait, using linear-regression models adjusted for sex.
There was no evidence of association with PD for any of the 28 genotyped 1p32 SNPs in our study (all SNP after applying Bonferroni correction in both P 1 .05 population samples). Haplotype frequencies between patients and controls were not significantly different for the haplotype blocks identified; nor was the age at onset in patients associated with any single marker or haplotype (all corrected ). Of note, the ancestral P 1 .05 recombination and haplotype blocks apparent within Norwegian and Irish samples were comparable for this interval at this marker resolution. The average number of SNPs per LD unit (LDU) was 6.8 (mean LDU between markers 0.15, range 0-0.63), indicating that the number of SNPs genotyped within and flanking LOC200008 should be sufficient for examination of the region. 11 In addition, the two PARK10 SNPs showed no significant association within the U.S. series ( ). None of the P 1 .05 other 11 SNPs nominated by the GWA study had different allele frequencies or genotype distributions between affected subjects and matched controls (all SNP in P 1 .05 all populations independently or as a combined sample set) (table 2). There was no evidence of departure from HWE in controls ( in all population controls). P 1 .01 Our study indicates that genetic variability within the LOC200008 gene is unlikely to explain the PARK10 susceptibility locus for PD. Sadly, the lack of disease association and replication in an independent U.S. series of comparable power suggests that the original findings may be spurious. Failure to nominate LOC200008 as the PARK10 gene in our population samples provides empirical support for statistical caveats concerning GWA studies. Implicit in multiple testing is false discovery, even in well-designed studies, and there are several potential sources of bias. 13 Of note, neither PARK10 SNP rs682705 nor rs7520966 fulfilled the main criterion for being genotyped in tier 2 ( in tier 1 overall anal-P ! .01 ysis), but each was included with a less stringent association criterion ( in tier 1 overall analysis) because P ! .05 of its physical position within a PARK locus. Interestingly, the combined P value for rs682705 ( ) Ϫ6 P p 9.07 # 10 is the second-lowest P value of the overall study, even though it did not fulfill the inclusion criteria. Individuallevel data from the GWA study is not yet available, but, in our study, these two SNPs also appear to be in LD (pairwise ), as suggested by Maraganore et al. 5 ;
2 r 1 0.9 in addition, the minor-allele frequencies (MAFs) of the two SNPs are comparable across studies and populations. The former suggests less-than-optimal haplotype tagging in the initial study, whereas the latter argues against technical errors in genotyping, but neither provides sufficient explanation for the positive findings observed elsewhere. 5 We found no evidence of direct association between the 11 SNPs nominated in the GWA study and disease in the three independent populations or in a combined sample group ( ) (table 2) . However, for these n p 1,570 loci, we did not employ a gene-based approach (nor did we fine-map each region as with PARK10), as advocated elsewhere 14 ; we await the results of further replication studies. Of note, in the study by Maraganore et al., 5 the rs7702187 SNP within SEMA5A (MIM 609297) had the lowest combined P value ( ); how-Ϫ6 P p 7.62 # 10 ever, a total of 53 SNPs were examined in this gene in tier 1. Only rs7702187 was significant before correction ( ), which supports the possibly spurious nature P p .001 of this and the other associations. The MAFs observed in our three populations and in that of the GWA study are comparable, which argues against population bias/ heterogeneity (table 2) .
The number of SNPs highlighted in each tier of the original study is consistent with chance-that is, 1% of SNPs use a significance level of . None of the P P ! .01 values obtained by Maraganore et al. 5 meets a Bonferroni correction for multiple testing, although this standard may be too conservative in GWA, since it fails to account for LD and incorrectly assumes that chromo-
Figure 1
Metric LD map and haplotype block structure of the investigated region. A, LD map providing information about LD patterns in the investigated candidate region, through locations expressed in LDUs. LDUs have an inverse relationship with LD, with regions of extensive recombination having many LDUs. The physical position of the gene in the region LOC200008 is marked with an arrow. All 28 SNPs genotyped are reported, although the symbols (᭡) may be obscured for SNPs that lie in close physical proximity and high LD. SNPs rs682705 and rs7520966 are denoted by an asterisk (*). B, LD structure of the candidate region. Black and dark gray cells, strong LD; gray cells, intermediate; and light gray and white cells, evidence for historical recombination. The haplotype block structure of the region is defined according to Gabriel et al. 10 An asterisk denotes SNPs rs682705 and rs7520966. The LD map and haplotype structure were constructed using genotypes from the Norwegian sample. Similar results were obtained for the Irish population. somal markers are independent. A consensus on the most appropriate correction for multiple testing has yet to be reached. Now that genomewide data sets have been generated, there exists the possibility to use these to develop appropriate statistical methods to identify true positive results. 15 In the interim, we recommend that enthusiasm for positive findings should be tempered by the strength of the evidence, the population-attributable risk, and the differences in SNP allele/genotype frequencies between cases and controls. If allele frequencies are significantly different, genomic controls might be used to assess population substructure. It is important that future studies employ multiple independent sample series, each with sufficient power to verify significant genetic associations, before publication. 16 However, lack of evidence for an association is not the same as evidence against one; thus, lack of replication should also be interpreted with caution.
Over the few next years, the number of GWA studies will increase, and it is important to learn from the experiences gained by the few studies performed to date. Although our negative findings suggest that the conclusions drawn from the study by Maraganore et al. 5 might be based on spurious associations, further analysis of individual-level raw data is now necessary. The recent identification of a complement factor H polymorphism in age-related macular degeneration in a GWA study and the identical findings by two other groups using other study designs demonstrates that this approach can be used successfully. [17] [18] [19] It may be that, because of the heterogeneous nature of PD, associations with a gestalt phenotype are masked by background variation in SNP informativeness, population strata, and insufficient power. It is, therefore, crucial that future associations are validated and that analysis is performed to resolve the underlying cause of association in the sample population. GWA studies may still provide direction for the genetic analysis of heterogenous complex traits, but, in the short term, they may exacerbate the problem of replication failure in association studies.
No Evidence for Association with Parkinson Disease for 13 Single-Nucleotide Polymorphisms Identified by Whole-Genome Association Screening
To the Editor: The 13 SNPs identified by Maraganore et al. 1 as being potentially associated with Parkinson disease (PD [MIM 168600]) represent some of the first fruit produced by the whole-genome association screening era and are clearly worthy of follow-up. To further explore these exciting candidates, we typed each SNP in 538 patients with idiopathic PD and in 516 control individuals from the United Kingdom. Cases included 160 patients involved in a community-based epidemiological study of incident PD and 378 consecutive patients with prevalent PD attending our research clinic. All cases met United Kingdom Parkinson's Disease Society Brain Bank criteria for the diagnosis of PD. The mean age at disease onset was 63 years (range 25-91 years); 2% of patients had early-onset disease (р40 years), and 14% of patients reported a family history of one or more first-degree relatives with parkinsonian symptoms or tremor. The control group consisted of 146 spouses of patients with PD and 370 blood donors. All individuals were white, except for four patients and one spouse. All gave written informed consent and a blood sample from which DNA was extracted using standard methods. Genotyping was performed using Taqman Assay-on-Demand (rs2245218) and Assays-by-Design products on a 7900HT Sequence Detection System (Applied Biosystems). Only samples that typed successfully for at least one-third of markers were included in the analysis (520 cases and 499 controls). Genotyping success rates were all у97%, and no marker showed evidence of deviation from Hardy-Weinberg equilibrium. Two pairs of SNPs (rs2313982 and rs1509269; rs682705 and rs7520966) were found to be in strong linkage disequilibrium ( ,
D p 1.0 r 1 0.69 which reduced the number of independent tests to 11. Allele frequencies in cases and controls were compared using the COCAPHASE program in the UNPHASED package. 2 Our study provides, on average, 85% power (range 68%-96%) to detect the case-control differences averaged over tier 1 and tier 2, as observed by Maraganore et al. Table 2 Genotype Counts for 13 SNPs Studied
The table is available in its entirety in the online edition of The American Journal of Human Genetics.
In our data set, none of the 13 SNPs showed any evidence of association, all P values being 1.25, even without correction for multiple testing (tables 1 and 2). Fewer than half of the SNPs (46%) showed allele frequency differences between cases and controls in the same direction as that reported by Maraganore et al. 1 The combination of our data with those from the original report, with the use of the Mantel-Haenszel test statistic (Statsdirect) and correction for the 11 independent tests performed, revealed that only three markers (rs10200894, ss46548856, and rs7702187) retain any evidence of significance at the 5% level in the total data (table 1). In summary, our study suggests that none of the 13 markers identified by Maraganore et al. 1 is associated with PD.
Under the null hypothesis that there are no genes influencing susceptibility to PD, a follow-up of 1.4% (2,734) of the 198,345 markers included in the screening stage, as performed by Maraganore et al., 1 would be expected to identify 27-28 markers showing in P ! .01 the replication stage, with half of these-that is, 13-14-showing an allele frequency difference in the same direction as that seen in the screening stage. The number of markers identified by Maraganore et al. 1 is, thus, in keeping with that expected under the null hypothesis. However, since such screens are not intended to identify all susceptibility genes and, indeed, would be considered successful if they identified even a single such locus, we would not expect to see a striking excess of markers above the predicted 13. In short, it could be anticipated that most of the 13 markers identified by Maraganore et al. 1 would be false positives. However, our failure to replicate results for any of the 13 markers identified by Maraganore et al. 1 suggests that their screen lacked power in one or more critical dimensions. Although typing 200,000 markers in 450 cases and controls is a substantial effort, it is clear that this will adequately interrogate only a part of the common variation in the genome. Increasing the density of markers and the number of samples studied would be the most effective way to increase the power of the study but, in practice, would be the most difficult. It must remain possible that a more generous threshold (such as ) would have captured P ! .1 relevant loci currently lying high in the ranking of markers provided by the screening stage performed by Maraganore et al. 1 but falling outside their stringent threshold. On the downside, this approach would greatly increase the number of markers requiring follow-up, generating a list of nearly 1,000 instead of just 13 potentially associated loci.
Various strategies for multistage whole-genome association studies have been proposed, [3] [4] [5] [6] and the importance of setting an appropriate threshold for following up first-stage results has been stressed. We feel that the present observations, regarding one of the first wholegenome association screens performed, strengthen the importance of these theoretical recommendations. To ensure that replication and follow-up phases are not overwhelmingly large, it is essential to ensure high power in the screening phase. If thresholds as stringent as are to be used, the screening phase in future PD P ! .01 screens will need to be very much larger than that performed by Maraganore et 3 and several tests did not reveal evidence of significant population stratification for 78 individually genotyped null markers (data not shown). We individually genotyped the 11 SNPs that were reported significant and one of the two SNPs that map to the PARK10 [MIM 606852] locus (the two reported-significant SNPs are highly correlated:
), using 2 r p 0.99 allele-specific real-time PCR in our PD case-control sample set. Cases and controls were run on the same plate in a blinded fashion. Our genotyping method has an overall accuracy of 199%. 4 As an additional indication of genotyping quality, we calculated deviation from Hardy-Weinberg equilibrium (HWE) in cases and controls. One marker had an HWE exact P value of !.05 (.017 for rs2245218 in cases), but further examination of our genotype data did not reveal questionable calls. Therefore, these data were included in our analysis. All SNPs were tested for allelic association with PD with the use of x 2 statistics to calculate two-sided P values (table 1) . Power calculations were done for a sample size of 311 pairs for each SNP, with the use of a one-sided -hypothesis test at a significance level of 0.05 and with the assumption that the control-allele frequencies of the unrelated controls and odds ratios (ORs) in table 4 in Maraganore et al. 1 are true population parameters. Power calculation for rs7520966 was based on the tier 2 OR given in the text of Maraganore et al., 1 since it did not appear in their table 4.
Two markers, rs10200894 and rs17329669, were replicated in our sample set at ( and P ! .1 P p .03 P p , respectively) with the same risk alleles as in Mar-.02 aganore et al., 1 although with slightly lower ORs. rs10200894 is an intergenic variant located on chromosome 2 near a linkage peak previously identified in late-onset PD, 5 and rs17329669 is in an intergenic region on chromosome 7. Further investigations in these regions, including further genetic mapping and the identification of potential causative variants, are thus warranted. Indeed, several SNPs in the vicinity of rs10200894 and rs17329669 reached significance in the Maraganore et al.
1 discovery sample set ( ) but were not fol-P ! .05 lowed up because they did not reach their significance threshold of . ELMO1 [MIM 606420], a gene P ! .01 whose product is predicted to be involved in apoptosis and cell migration, resides in a region that, according to the HapMap, is in high linkage disequilibrium with rs17329669. The more abundant splice variant of ELMO1 appears to be exclusively expressed in brain 6 and, thus, constitutes an excellent biological candidate gene for PD. All other markers were not significant in our sample set at the 0.1 level, including the marker reported most significant in SEMA5A [MIM 609297] and the marker in LOC200008, which maps to the PARK10 locus that appears to affect both disease risk and age of onset. [7] [8] [9] Our failure to replicate the majority of the associated markers may be due to false-positive results in the initial study or to locus heterogeneity. Although the power in our validation sample set is у90% for 11 of the 12 tested SNPs, this may be an overestimation due to an OR inflation ("jackpot effect") in the original study. In addition, our sample set included only late-onset cases, commonly defined by age at onset 150 years, whereas the study by Maraganore et al. included both early-and late-onset cases. 1 Thus, it is possible that nonreplicated markers are associated with early-onset PD but make a lesser contribution to the more common, late-onset form of the disease. Additional studies are required to further assess the association of these markers with PD.
Response from Maraganore et al.

To the Editor:
In this issue, four independent research teams present new genetic association data for 13 SNPs previously reported by us to be potentially associated with Parkinson disease (PD [MIM 168600]). 1 Two groups 2,3 report statistically significant association between one or more of these SNPs and PD, whereas two groups 4, 5 find no statistically significant association between PD and any of the SNPs investigated. In an accompanying letter, 6 Dr. Richard H. Myers provides his qualitative assessment of the implications of these new results.
We have performed a Mantel-Haenszel analysis, using 10 of the 13 SNPs not displaying linkage disequilibrium (LD) with each other-combining the data of Li et al., 3 Farrer et al., 4 and Goris et al. 5 -to provide an overall quantitative assessment of the new results. The odds ratios (ORs) are reported for the SNP alleles that increase the risk of PD 1 (table 1) . The X-linked SNP rs7878232 was not included in this analysis, since subgroup-level data for males and females were not reported by all groups. The results of Clarimon et al. 2 were also not included, given the significant difference in SNP allele frequency observed between the European and Taiwanese control samples. This analysis reveals that none of the 10 SNPs shows statistically significant association with PD (i.e.,
). As pointed out in many of the P ! .05 accompanying letters, this failure to replicate may be due, in part, to differences in sample ascertainment and demographics.
A Mantel-Haenszel analysis combining these new results with those from tier 2 of Maraganore et al. reveal five SNPs with and smaller effect sizes than were P ! .05 originally reported 1 (table 1) . Although we are aware that these low P values may, at least in part, be explained by multiple testing, additional data are required to determine if these SNPs truly confer PD susceptibility or if they represent false-positive associations. Despite the small ORs, the point estimates of attributable risk for PD in the total data is still quite large for two of these SNPs (rs10200894 population-attributable risk 0.27, 95% CI 0.04-0.77; rs7520966 population-attributable risk 0.21, 95% CI 0.1-0.39). If these are true associations, they may have substantial practical impact on PD.
We do not agree with Dr. Myers 6 that our failure to identify an association between the LRRK2 gene and PD in our original study is evidence of a false-negative result. Farrer et al. have reported elsewhere that only a very small number of the individuals with PD studied in our original whole-genome scan have a mutation in the LRRK2 (MIM 609007) gene. 7 We also do not consider the positive association findings between SNP rs7702187 and PD in a Taiwanese population by Clarimon et al. 2 to be a replication of our original study results, since the SNP allele associated with PD susceptibility is not the same in the two studies. However, further work to follow up these results in the Taiwanese population seems warranted.
It is gratifying that our hypotheses have been tested rapidly by many groups. The Michael J. Fox Foundation, which funded our original research, also has a large-scale replication study under way. Given the low heritability estimates for PD, 8 our initial study may have been underpowered for the detection of significant genetic associations, in part, because of the large number of genetic markers tested. Therefore, it may be prudent not to limit replication of our study to the 13 SNPs that we initially highlighted but to also consider additional SNPs and genes that had suggestive findings (as in the text files published in the online-only version of our original article). 
A Note on Permutation Tests in Multistage Association Scans
To the Editor:
There is currently a great deal of interest in performing whole-genome scans for association between genetic markers-mainly SNPs-and biological or clinical end points. 1 Often, the most cost-effective strategy for these studies is a staged design in which a subset of the full sample is genotyped for all SNPs, and only those SNPs that show a trend of association are genotyped in the remainder of the sample. 2 For calculating the significance of a genome scan, permutation tests have been suggested to adjust for multiple testing while preserving the correlation structure among linked markers. 3 In the staged design, however, permutation may result in a marker being selected for the second stage that had not been selected in the original analysis. Such a marker will not have been genotyped in the full sample, and data will not be available to complete the analysis of the permuted data. Recently, Lin 4 proposed a Monte Carlo method for assessing significance in two-stage association scans. The method is sound but is limited to analysis based on efficient score functions and does not use permutation. Other investigators have reported methods to address this problem. 5 I wish to draw attention to a property of genome scans that permits a simple permutation procedure for staged designs, which is that the sample sizes are large enough for the null distributions to be asymptotically stable. Although this observation is trivial, its utility might have escaped some readers, because of the origins of permutation testing in small-sample inference. It means that any large subset of the data can be used to simulate the null distribution. In particular, we can simulate a staged design with just the first-stage subjects, by using a subset of the first stage as the simulated first stage, selecting markers on the basis of that subset, and using the remainder of the first stage as the simulated second stage. This ensures that full genotype data are always available and will generate approximately the same null distribution as exists for the full sample.
More precisely, consider a two-stage scan of a set of markers, M, in a set of subjects, S. In the first stage, all markers in M are genotyped in a subset of subjects, . An algorithm, , selects a subset of mark-S O S A (M; S ) , the permutation test will sample from the same FS F 2 null distribution (up to an arbitrary accuracy) as holds for the two-stage analysis of the full sample S.
For illustration and to confirm that the sample sizes proposed for genomewide scans are sufficiently large, a simulation was performed using 1,000 cases and 1,000 controls, which is a smaller sample than current estimates for well-powered scans. 6 Chromosomes were drawn from the phased CEU (CEPH subjects from Utah) data of chromosome 1, released in phase 1 of the International HapMap Project. 7 Parental chromosomes were drawn independently and grouped in pairs, and gametes were constructed using the supplied recombination maps, under the assumption of the Kosambi function with no interference between adjacent SNPs. Chromosomes of children were assigned from the constructed gametes according to Mendelian transmission and random union of gametes and were randomly assigned to the case or control group. In each replicate, 50% of subjects were used in the first stage, with the 10% mostsignificant markers considered in the second stage. 2 The significance of individual SNPs was calculated by the trend test, 8 and empirical distributions of the maximum trend statistic were generated from 1,000 replicates.
It is sufficient to show that the two-stage analysis of the first 500 cases and controls yields the same distribution as the analysis of all 1,000. The distributions were compared by the two-sample Kolmogorov-Smirnov test and also by the Kuiper test, which is more sensitive in the tail. No significant difference was found, implying that the null distribution is indeed stable at this sample size.
The main assumption of this approach is that subjects are exchangeable between stages, meaning that the null distribution is independent of the allocation of subjects to stages. This is true when the sample population is homogeneous but not when there are systematic differences between subpopulations. In particular, different patterns of linkage disequilibrium will invalidate this approach, as will population stratification in which differences in both allele frequency and trait distribution create a relationship between the null distribution and the specific subjects analyzed. When the sample consists of known proportions of different populations, the approach can be used if the proportions in the original data are preserved in the permutation test. Also, the large-sample assumption implies that only common variation is included; this is true for Hapmap SNPs, but, if rare variation is included, the permutation test will be less accurate. Nevertheless, for most well-designed scans of common variation, this approach is a practical and easily implemented solution for permutation testing in staged designs.
